Abstract. Colonially nesting Cliff Swallows (Passeriformes: Hirundo pyrrhonota) in southwestern Nebraska, USA, are commonly parasitized by hematophagous swallow bugs (Hemiptera: Cimicidae: Oeciacus vicarius) and fleas (Siphonaptera: Ceratophyllidae: Ceratophyllus celsus). We examined to what degree these ectoparasites represent a cost of coloniality for Cliff Swallows. The number of swallow bugs per nest increased significantly with Cliff Swallow colony size. Body mass of nestling swallows at 10 d of age declined significantly as the number of bugs per nestling increased. By fumigating half of the nests in some colonies, killing the bugs, and leaving half of the nests as nonfumigated controls, we showed that swallow bugs lower nestling body mass and nestling survivorship in large Cliff Swallow colonies but not in small ones. Bugs cost nestlings, on average, up to 3.4 g in body mass, and reduced survivorship by up to 50%. Parasitism by fleas showed no consistent relationship with colony size during the nestling period but increased significantly with colony size early in the season, when birds were first arriving in the study area. Fleas did not affect nestling body mass or survivorship and thus, unlike swallow bugs, are probably not important costs of coloniality to Cliff Swallows. Field observations and nest fumigation experiments showed that Cliff Swallows apparently assess which nests are heavily infested with swallow bugs early each spring and select parasite-free nests, leading sometimes to alternate-year colony site usage. Cliff Swallows were more likely to construct new nests (rather than reusing old ones) in large colonies than in small colonies, probably in response to heavier infestations of ectoparasites in the existing nests of large colonies.
Introduction
All social species of animals experience both costs and benefits of living in groups. One such cost is in? creased transmission of ectoparasites and disease, which is probably a universal hazard to all group-living an? imals (Alexander 1971 (Alexander , 1974 (Emlen 1952 , Brown 1985 . Nesting within each colony is highly synchronous (Emlen 1952 , Myres 1957 , Brown 1985 , and the species is usually single-brooded. The Cliff Swallow's general biology has been well studied, primarily in Wyoming and Califor? nia (Emlen 1941 , 1952 , 1954 , Mayhew 1958 , Withers 1977 ), but also in West Virginia and Virginia (Samuel 1971, Grant and Quay 1977) .
Swallow bugs
The swallow bug has apparently had a long evolu? tionary history of association with the Cliff Swallow, and this ectoparasite is found almost exclusively on this bird (Myers 1928 , Usinger 1966 . Swallow bugs are iteroparous, and nymphs exhibit a lengthy maturation time (Loye and Hopla 1983, Loye 1985) . They mate before overwintering, and females may lay eggs as soon as they feed the following spring, without remating. Except for a period of dispersal early in the spring, most bugs remain permanently in swallow nests or in crevices of the surrounding nest substrate, and the Cliff Swallow nest itself serves as the focal point for bug-swallow interactions.
In many areas annual colony site usage by Cliff Swallows is erratic and the bugs are consequently adapted to an ephemeral host Studies of other species of fleas also suggest that they are most com? monly encountered on their avian hosts at the start of the nesting season before nest building (e.g., Fowler et al. 1983 ). Larvae of C. celsus feed on detritus in the nest while overwintering, while adult fleas travel and feed on the blood of adult swallows (and possibly also feed on the blood of nestlings). Fleas, unlike swallow bugs, may thus be more important ectoparasites to adult Cliff Swallows than to nestlings. Fleas cannot survive long periods of nest abandonment by swallows, and mortality is nearly 100% for fleas remaining in colonies that are unused the following year (Brown 1985) .
Colony size ranged from 1 to ~3000 nests (X = 319.2, sd = 522.0). The most common colony size was ~350 nests.
Methods

General procedures and definitions
Study colonies were named and, where possible, all nests were numbered and followed throughout the nesting season. In large colonies, we could study only a sample of the nests, and in these cases we selected nests from all accessible parts ofthe colony. We reached Cliff Swallow nests with aluminum ladders, or canoed, swam, or waded to the base of a cliff site or into a culvert where ladders were unnecessary. Nests were marked by writing chalk numbers on the nearby concrete substrate (for colonies using bridges or culverts) or by driving nails with numbered heads into the cliff face (for cliff colonies). Colored flags attached to the nails or walls facilitated identification of these nests at a distance. All nests were checked each day or every 2-3 d until hatching started, at which time we began checking them every day or every other day. We ob? served nest contents with a dental mirror and a small flashlight inserted through each nest's mud neck. It was occasionally necessary to chip away pieces of dried mud from the neck to insert the mirror, but it was not necessary to alter the nest in any appreciable way, and birds quickly repaired any damage. Cliff Swallows continually added fresh mud to all nests, those studied and those not studied, suggesting that repair brought on by our activity did not lead to much additional energetic or time demands on the birds.
Once all eggs of a Cliff Swallow clutch hatched, we did not disturb that nest again until the nestlings were 10 d old, at which time we recorded the body masses ofthe nestlings (Hoogland and The positions of all nests in each colony were mapped at the end ofthe nesting season. Relative nest locations were drawn on paper, and overlapping series of pho-tographs at some colonies provided further documentation of nest positions. Distances between all active nests were measured (in centimetres) in the field. Since colonies were usually linear in shape, it was easy to designate a centermost nest, one with an equal number of neighbors on either side. For the few colonies that were less linear in shape and more "honeycombed," the nest with an equal number of nests on all respective sides was considered the centermost nest (even though it may have been located far from the geometrical cen? ter of the available substrate). Each nest's linear dis? tance from the centermost nest in its colony was used as a measure of whether it was located near the center or the edge of the colony.
Categorizing nests as new or old
We examined the effect of colony size on the birds' tendencies to construct new nests or reuse old ones. The progress of all Cliff Swallow nests started in our study colonies was charted every day or every other day. We estimated the extant proportion of each nest, using categories such as "bottom only," "one-fourth to one-half present," "neck incomplete," or "com?
plete." Any nest that was completely new (i.e., no pre? vious nest remnant had been present at that location on the substrate) in a given year, or any nest built from an existing remnant that upon becoming active (known by deposition of fresh mud) was one-half or less com? plete, was considered a new nest. Existing nests that were more than one-half complete when becoming ac? tive were considered old nests. A nest was not included in this analysis if we did not know its status at the time it became active.
Sampling swallow bugs
We examined the relationship between extent of swallow bug infestation and Cliff Swallow colony size in two ways. One way was to record the number of bugs present on each nestling swallow at 10 d of age in colonies of different sizes (see General Procedures and Definitions). A second way was to collect recently vacated Cliff Swallow nests and count all swallow bugs present in each nest. Collection of nests was necessary to insure that the bugs hiding in the nests or in crevices of the adjacent substrate during daylight hours were represented in our samples. In 1983 and 1984, we col? lected 260 Cliff Swallow nests from 19 colonies in July and August after nestlings had fledged, and counted all swallow bugs present in each nest. Each nest was col? lected 2-7 d after the nestlings present there had fledged, which was also the time of year when bug infestations were greatest (Brown 1985 , Loye 1985 . Only nests that had earlier contained nestlings were sampled. Nests, kept as intact as possible, were placed in plastic bags, returned to the laboratory, and in most cases left bagged for 1-4 d before bug counting commenced. Bugs were counted by placing each nest in a pan and sifting through the nest materials by hand, breaking up chunks of dried mud to expose bugs. Each nest took from 15 to 60 min to count. There was no obvious bug mortality resulting from bagging. All collected nests were completely re? moved from a colony substrate, and no nest was used if large portions of it were lost. At many nests, removal exposed dense aggregations of bugs that had wedged themselves between the nest and the surface of the substrate. Many of these bugs were not clinging to any nest material and hence were not bagged; thus, at the time of collection we also estimated the number of bugs left in each nest's "scar" upon the substrate. These estimates were included in each nest's total bug count.
Fumigation procedures
In 1984 swallow bugs were experimentally removed from Cliff Swallow nests by fumigation. We used a short-lived fumigant, Dibrom, which breaks down rapidly both with water and when exposed to light. This fumigant had been used successfully without harming avian hosts ( cantly differ between fumigated and nonfumigated nests ( Table 1 ), suggesting that any subsequent differences observed in either nestling body mass or survivorship could be attributed to the fumigant treatment. The fumigant was highly effective against swallow bugs; no bug was recorded on any nestling hatched in a fumi? gated nest (N = 558 nestlings). At day 10, body mass of nestlings and nestling survivorship were recorded, and ectoparasites were counted. Since there appeared to be differences in levels of ectoparasite infestation between bridge and culvert colonies (and possibly be? tween cliff and culvert colonies), only culvert colonies were used for the fumigation experiment.
Sampling fleas
Owing to the poorly understood life history of C. celsus, we were unsure when and how to sample fleas to best examine the effect of colony size on their pop? ulations. We thus sampled fleas in two ways at two t Sample size (number of nests). In some cases, the total sample size (F plus NF nests) was greater than colony size because re-nestings (by birds that had lost their first clutch) were included in the sample size but did not affect colony size (for 56-and 125-nest colonies), or because data from several colonies with < 10 nests were pooled.
? nificantly with colony density (Fig. 3) . Since bridges in general tended to support less dense colonies (Fig. 3) , this fact may account for the difference in infestation levels between bridge and culvert colonies (Fig. 2) . One potential confounding variable for the results in Figs. 1-2 (Fig. 4) .
These data suggest that increased ectoparasite loads caused slower nestling growth rates and, since bugs are more numerous in large colonies (Figs. 1-2 (Table 2) . These data thus suggest that hematophagous swallow bugs may cost nestling Cliff Swal- t Sample size (number of nests). For the colony size listed as < 10 nests, the total sample size (F plus NF nests) is > 10 because data from several colonies were pooled.
$ From Mann-Whitney U tests comparing F and NF nests. Since body masses of nestlings within a nest were not statistically independent, analyses were based on average nestling body mass for each nest. Significant differences indicated by*. lows, on average, up to 3.4 g in body mass, an appreciable loss since mean nestling body mass at 10 d is
g(iV = 2194 birds).
Reductions of several grams in body mass probably led to slower nestling growth rates, and often the effects of swallow bugs were much more severe. Nestlings with five or more bugs on them (and in some nonfumigated nests nestlings had up to 82 bugs) in all cases were so feeble and malnourished that they probably died soon after we examined them (Fig. 5) . Parasitism by swallow bugs was reflected in nestling survivorship. In the two largest colonies, where effects of bugs were most pronounced, nestling survivorship to day 10 was signifi? cantly greater in the fumigated nests than in the non? fumigated nests (Table 3 ). Since brood sizes in both classes of nests were similar at hatching (Table 1) , mor? tality during the nestlings' first 10 d attributable to bugs was very high (Table 3) . t Sample size (number of nests). In some cases, the total sample size (F plus NF nests) was greater than colony size because re-nestings (by birds that had lost their first clutch) were included in the sample size but did not affect colony size (for 56-and 125-nest colonies), or because data from several colonies with < 10 nests were pooled.
$ From Mann-Whitney U tests comparing F and NF nests. Significant differences indicated by *.
These differences in nestling survivorship were fur? ther reflected in annual survivorship data. In the course of our research with Cliff Swallows in 1985, we en? countered 50 banded individuals hatched the preceding year in the experimental colonies. Of these, the number that had been hatched in fumigated nests (34) was significantly more than the number hatched in nonfumigated nests (16) (x2 = 3.94, P = .047; total banded in fumigated nests =558 nestlings, total banded in nonfumigated nests = 462 nestlings). These re? sults clearly suggest that annual survivorship was en? hanced for parasite-free birds.
Ectoparasitism by fleas
Relationship to colony size. ?Since fleas disperse by leaping onto passing Cliff Swallows and traveling on the birds, the probability of flea introduction to a site theoretically increases with the number of Cliff Swal? lows colonizing that site. We predicted that flea infes? tation levels would increase with colony size.
The number of fleas per nestling increased signifi?
cantly with colony size (Fig. 6) colony had up to 39 fleas each, while no fleas were found in nests in the smallest colonies. The total num? ber of fleas in nests tended to increase as more birds arrived in the study area, but the relative difference between colonies of different sizes remained similar (Fig. 7) . Clearly, early in the spring nests in large Cliff Swallow colonies harbored considerably more fleas than did nests in small colonies, and this effect of colony size was not masked by extensive within-or betweencolony variation.
Effects on nestling body mass. ? We examined whether fleas affected the body mass of nestling Cliff Swallows and thus (potentially) the birds' fitness. Surprisingly, body mass per nestling increased significantly as the number of fleas per nestling increased (Fig. 8) . This suggests that fleas represent little, if any, phys? iological cost to nestling Cliff Swallows. Perhaps they crawled on nestlings at random and our counts showed increased levels of infestation on heavier nestlings sim? ply because those birds were larger and offered a greater surface area. Since fleas do not depress nestling body mass, they probably do not appreciably lower Cliff Swallow fitness (although we were unable to evaluate their potential effects on adult swallows). We could not investigate flea ectoparasitism experimentally by fumigating nests because apparently Dibrom is ineffective against C. celsus. In only one colony did the num? ber of fleas on nestlings in fumigated versus nonfumigated nests differ significantly (see Brown 1985) .
Responses of Cliff Swallows to ectoparasites
Assessment ofinfested nests. ?Given the substantial costs of swallow bug parasitism, Cliff Swallows might be expected to exhibit behavior that minimizes these costs. The most effective behavior for avoiding bugs could be to skip one or more years between use of existing nests or of an entire colony site (Grinnell et al. 1930 , Chapman 1973 ), which would presumably allow time for bug populations there to decrease. This hypothesis implies that Cliff Swallows are able to assess which nests or which colonies are heavily infested with ectoparasites and then to avoid them. We observed patterns in nest site usage within two Nebraska colonies that provide the first empirical support for the notion that these birds are able to accurately assess ectoparasite loads from the previous year before selecting nest sites early in the spring.
In early spring, 1985, substantial numbers of old nests remained, largely intact, in the two largest col? onies in which we had fumigated nests in 1984. These colonies we termed the "Garden County" and "Keith County" colonies, based on their locations. As soon as birds arrived in the study area in 1985, the old nests in the sections of these colonies that had been fumi? gated the preceding year and that were thus parasitefree, were immediately occupied. The nonfumigated nests from the preceding year were completely ignored at the Garden County colony and virtually ignored at the Keith County one, even though fumigated and non? fumigated nests were in some cases separated by < 1 m. Nest occupancy in these sections of the colonies was scored as of 26 May 1985 (Table 4) (Fig. 7) but that fleas do not reduce nestling body mass (Fig. 8) , suggests that correlations of ectoparasite infestation levels with group size with? out evaluation ofthe actual effects ofthe ectoparasites may be misleading. For example, in a study of Bank Swallows, Hoogland and Sherman (1976) found that infestations of fleas (C. riparius) increased with group size and thus concluded that ectoparasitism represents a cost of coloniality for Bank Swallows. But they had no information on the degree to which the fleas affected the swallows, so their conclusion must remain tentative.
Ectoparasitism
has important implications for the evolution of sociality in Cliff Swallows. Ectoparasites are responsible for most ofthe observed nestling mor? tality, and predation is only a minor factor for these birds (Brown 1985) . Without compensating benefits of coloniality, the cost of ectoparasitism would quickly select for solitary nesting in Cliff Swallows. Through complex evolutionary trade-offs between several dif? ferent benefits and costs of group living, coloniality has evolved and is maintained in these birds (Brown 1985) . Given the serious impact of ectoparasitism on Cliff Swallows, ecologists should perhaps pay more attention to the potential effects of ectoparasites on natural populations of other social animals.
